ABSTRACT: Grain-finished, high-percentage Charolais steers (n = 36) were selected for uniformity. Immediately after jugular vein exsanguination, 27 steers were infused at 10% of live weight via the carotid artery with a solution developed by MPSC, Inc. (St. Paul, MN) consisting of 98.52% water, 0.97% saccharides, 0.23% sodium chloride, and 0.28% phosphate blend plus either 500 ppm vitamin C (MPSC+C; n = 9), 500 ppm vitamin E (MPSC+E; n = 9), or 500 ppm vitamin C + 500 ppm vitamin E (MPSC+C+E; n = 9). Uninfused controls (CON) were exsanguinated conventionally. Carcasses were fabricated at 48 h postmortem. Longissimus thoracis (LT), psoas major (PM), and semimembranosus (SM) muscles were removed, vacuum-packaged, and stored at 2°C until 14 d postmortem. Then, steaks 2.54 cm thick were sliced from the three muscles, placed on foam trays, and overwrapped with polyvinyl chloride film. Ground beef (GB) was formulated from the quadri-
Introduction
The postexsanguination vascular infusion process was developed by MPSC, Inc., St. Paul, MN, but little research has been published using this vascular infusion process. Developers of this process theorized that the addition of a solution containing saccharides could 1 Appreciation is expressed to the National Cattlemen's Beef Association, Greenwood Village, CO; North American Meat Processors Association, Reston, VA; MPSC, Inc., St. Paul, MN; Koch Industries Feedlot, Wichita, KS; and the Minnesota Agric. Exp. Sta. for their financial support of this research. Contribution no. 01-158-J from the Kansas Agric. Exp. Sta. ceps femoris to contain 20% fat, mounded into 0.45-kg portions, placed on styrofoam trays, and wrapped with polyvinyl chloride film. Steaks were visually evaluated for uniformity and initial color on display d 0. Instrumental color measurements of L*, a*, b* and trained sensory panel color evaluations were obtained daily for 4 d (PM and GB) or 5 d (LT and SM) of display. No display time × treatment interaction existed for L*, a*, or b* values. The LT from CON cattle had more uniform color (P < 0.05) and was more cherry red than that from all infused cattle on d 0. Visual scores indicated that GB from MPSC+E cattle was more red (P < 0.05) than that from MPSC+C infused cattle throughout display, and GB from MPSC+E cattle was more red (P < 0.05) than that from CON cattle for the last 3 d of display. The vascular infusion solutions generally did not improve color or display-color stability of steaks, but the infusion solution with vitamin E did improve displaycolor stability of GB. ensure normal pH decline by providing sufficient glucose for anaerobic metabolism to continue after residual muscle glycogen was utilized. This could help prevent dark-cutting beef. Previous vascular infusion work (Farouk and Price, 1994) indicated that lamb leg steaks from infused carcasses were lighter on display d 0 and more yellow on d 0 and 7 than those from uninfused controls. Schoenbeck (1998) found that vascular infusion with a solution of saccharides, sodium chloride, and phosphates increased L* values of longissimus thoracis muscles at 24 h postmortem.
Many authors have addressed the benefits of feeding vitamin E on beef quality (Faustman et al., 1989; Arnold, et al., 1993a,b) . Researchers also have found postmortem application of vitamin E to be beneficial in reducing meat discoloration (Okayama et al., 1987; Mitsumoto et al., 1991b Mitsumoto et al., , 1993 . Other research has evaluated the improvements in beef quality as a result of treatment with the antioxidant vitamin C (Shivas et al., 1984; Okayama et al., 1987; Mitsumoto et al., 1991a) . Earlier research conducted by Hood (1975) indicated that vitamin C injected intravenously prior to slaughter improved color stability of beef muscles. Therefore, our study was designed to determine the effects of postexsanguination addition of vitamins E and C via the vascular infusion process on the color of beef before and during retail display.
Materials and Methods

Cattle
Thirty-six high-percentage Charolais steers were selected based on visual appraisal in a commercial feedlot near the end of the feeding period to have similar days on feed, weights, and degree of finish to provide uniformity and to represent a slaughter end point for carcass composition and quality grade typical for highpercentage Charolais cattle. These steers were fed a typical corn-based diet for 140 to 160 d. The steers received no supranutritional levels of vitamin E. They were shipped by truck approximately 600 km from the Koch Industries Feedlot in Syracuse, KS to the Kansas State University Beef Research Unit in Manhattan, KS. Feed and water were withheld overnight before steers were delivered to the Kansas State University Meat Laboratory on the morning of slaughter.
Processing
Steers were slaughtered humanely using standard captive bolt stunning procedures on three separate dates (replications). They were assigned randomly to groups of three at each replication, and three of these groups were infused with the standard MPSC solution plus either 500 ppm ascorbic acid (Hoffmann-LaRoche, Belvidere, NJ; MPSC+C), 500 ppm dl-α-tocopherol (Hoffman-LaRoche; MPSC+E), or a combination of 500 ppm ascorbic acid and 500 ppm dl-α-tocopherol (MPSC+C+E) at a rate of 10% of live weight. The α-tocopherol was dissolved in edible corn oil, and polysorbate 80 (Van Berg Foods Co., Lisle, IL) was used as an emulsifier to suspend the α-tocopherol and oil mixture in the aqueous solution. A fourth group of three steers served as uninfused controls. The standard MPSC solution was composed of 98.52% water, 0.97% saccharides, 0.23% sodium chloride, and 0.28% phosphate blend. Steers assigned to infusion groups were bled by severing the jugular veins on both the right and left sides. Near the completion of bleeding, an incision was made in the left carotid artery, and a catheter approximately 0.75 cm in diameter (MPSC, St. Paul, MN) was inserted into the artery for the infusion process. The control groups were bled using traditional methods so that blood removal or retention in the controls was normal. Carcasses were spraychilled in a cooler at 1 to 2°C for 12 h and then were placed in a conventional cooler at 1 to 2°C for another 12 h.
Color Evaluations
Carcasses were ribbed between the 12th and 13th ribs at 24 h postmortem. The exposed longissimus thoracis was allowed to bloom for 30 min, and three instrumental color measurements (CIE L*, a*, and b* values) were taken of the exposed muscle with a Hunter Lab Miniscan (Hunter and Associates, Reston, VA) and averaged. Illuminant C was used with a 10°observer through a 2.54-cm aperture. Hue angle (tan −1 b*/a*) and saturation index = (a* 2 +b* 2 ) 1/2 also were calculated.
Carcass Fabrication
Carcasses were fabricated at 48 h postmortem. Sections of the longissimus thoracis and the semimembranosus, quadriceps femoris, and psoas major muscles were removed from the carcasses and trimmed practically free of fat. One 2.54-cm-thick steak was removed from the longissimus thoracis, psoas major, and semimembranosus muscle and allowed to bloom for 20 min before instrumental color measurements were taken and calculations made as described previously. The remaining portions of the intact muscles were vacuumpackaged (ca. 125 torr) in barrier bags (B-620 barrier bag; 30 to 50 cc O 2 /m 2 /24 h/760 torr/23°C; Cryovac, Duncan, SC) for aging in a research cooler at 2 to 4°C.
Display Steak and Ground Beef Processing
After14 d postmortem, 2.54-cm-thick steaks were cut from the longissimus thorasis, psoas major, and semimembranosus muscles. These steaks were placed on foam trays (AMOCO Foam Products, Atlanta, GA) that contained a Dri-Loc 50 meat pad (Sealed Air Corp., Food Packaging Division, Patterson, NC) and overwrapped with polyvinyl chloride film (23,250 cc/ m 2 /24 h, 72 gauge, Borden Packaging). Steaks were placed in a retail display case (Tyler Refrigeration Co. Model DM F8, Niles, MI) that was illuminated by 1,614 lx of Delux Warm White fluorescent lighting (Philips Lighting Co., Salina, KS). The intact semimembranosus steaks were evaluated in two locations both by instrumental means and by the visual color panel. The inside semimembranosus was defined as the deep onethird, and the outer semimembranosus was defined as the superficial one-third; the middle one-third was ignored. Ground beef was produced from the quadriceps femoris plus subcutaneous fat that had been removed from the loin region of the corresponding carcass. The lean portion of the ground beef was coarsely ground (1.58 cm) through a Hobart Model 4732 meat grinder (Hobart, Troy, OH). The subcutaneous fat was kept in a research blast freezer at −40°C until ground beef was prepared. The ground beef was formulated to contain 20% fat by weight. The subcutaneous fat was ground through a fine plate (0.48 cm) before being mixed with the coarsely ground lean portion, and the mixture was ground through a fine plate twice in order Means within a row with different superscript letters differ (P < 0.05).
for a uniform mixture to be created. The ground beef was mounded into 0.45-kg portions and placed on foam trays with meat pads and covered with polyvinyl chloride film, as described earlier. The packages of ground beef were placed in display conditions identical to those used for the steaks.
Steaks and ground beef were evaluated by a trained color panel. The panelists were screened using the Farnsworth Munsell 100 Hue Test (McBeth, New Burgh, NY), and accepted panelists attended training sessions in which steaks were displayed and evaluated to increase uniformity and accuracy of scoring. The AMSA visual appraisal guidelines were followed (AMSA, 1991) . Initial color and uniformity of color were evaluated on d 0. Initial color was evaluated on an 8-point scale (1 = pale red or bleached red, 8 = very dark red). Color uniformity was evaluated on a 5-point scale (1 = uniform, 5 = extreme two-toning). Color panel members used a 5-point color scale to score surface discoloration based on overall perception during display (1 = very bright cherry red or pale red, 5 = dark red to tan or brown). Based on previous use of this scale, a value of 3.5 was considered borderline in terms of display-color acceptability; values greater than 3.5 indicated that the product likely would not be purchased, and values less than 3.5 indicated that the product was acceptable for purchase.
Statistical Analysis
One-way analysis of variance procedures were used for a completely randomized design in all instances to determine treatment differences. Color measurements taken from the ribeyes at 24 h postmortem, the color measurements taken from muscles at 48 h postmortem, initial color scores, and color uniformity scores were analyzed using the PROC GLM procedure of SAS (SAS Inst., Inc., Cary, NC). The MEANS statement was used to generate means, and the PDIFF statement was used with a Student-Newman-Keuls multiple range test for mean separations. Instrumental color measurements taken during display and sensory panel color scores were analyzed to account for repeated measures using the PROC MIXED program of SAS. The LSMEANS statement was used to generate means, and the PDIFF statement was used to generate mean separations. Probability values for mean differences of less than 0.05 were considered significant.
Results and Discussion
α-Tocopherol Content of Steaks and Ground Beef
Analyses conducted by coworkers at the University of Minnesota (Katsanidis, 2000) on steaks from these same cattle reported α-tocopherol levels of 1.8, 1.5, 5.8, and 5.8 ppm for longissimus thoracis steaks from control, MPSC+C-, MPSC+E-, and MPSC+C+E-infused carcasses, respectively. The α-tocopherol levels for the semimembranosus steaks from control, MPSC+C-, MPSC+E-, and MPSC+C+E-infused carcasses were 1.7, 1.4, 3.3, and 2.3 ppm, respectively. Levels of 2.3, 1.9, 6.9, and 5.1 ppm were determined for psoas major from control, MPSC+C-, MPSC+E-, and MPSC+C+E-infused carcasses, respectively, and levels of 2.2, 2.3, 7.9, and 5.4 ppm were found for quadriceps femoris from control, MPSC+C, MPSC+E, and MPSC+C+E, respectively. The α-tocopherol levels for all muscles from MPSC+E-and MPSC+C+E-infused carcasses were greater than those for muscles from controls (P < 0.05). Means within a column for each muscle group with different superscript letters differ (P < 0.05).
Carcass Traits and Color Measurements at 24 h Postmortem
taken at 24 h postmortem indicated that the L* values of the exposed longissimus thoracis from MPSC+E-infused cattle were higher (P < 0.05) than those of MPSC+C+E and control cattle (Table 1 ). There were no other treatment differences (P > 0.05). The a* and b* values for longissimus thoracis from MPSC+C-, MPSC+E-, and MPSC+C+E-infused cattle were higher (P < 0.05) than those for this muscle from control cattle. Thus, all infused carcasses had longissimus thoracis muscles that were redder and more yellow than those from control cattle. Therefore, vascular infusion apparently had an inconsistent effect on L* values of this muscle at 24 h postmortem but seemed to increase redness and yellowness.
Color Measurements at 48 h Postmortem
Instrumental color measurements of steaks at 48 h postmortem indicated several differences ( Table 1) . The L* values of longissimus thoracis steaks from MPSC+E-infused cattle were higher than those from MPSC+C and control cattle (P < 0.05) but not than those from MPSC+C+E cattle (P > 0.05) ( Table 1 ). The L* values were not different (P > 0.05) among the other treatments. The psoas major L* values indicated that the steaks from the MPSC+E and MPSC+C+E cattle Means within a column for each muscle with different superscript letters differ (P < 0.05).
were lighter-colored (P < 0.05) than those from control and MPSC+C cattle. No differences in L* values existed among treatments for either the inside or outside semimembranosus (P > 0.05). No differences (P > 0.05) existed among treatments for a* and b* values for any muscle (Table 1) . Therefore, it seems that the MPSC+E treatment had the potential to increase lightness of the longissimus thoracis and psoas major muscles at 48 h postmortem. The lightening effect of this treatment on the longissimus thoracis probably is of little consequence for young cattle that possess lighter-colored lean. However, it potentially could be beneficial for steaks from older cattle or more heavily pigmented muscles by reducing the dark appearance.
Color Measurements During Display
No time × treatment interaction existed for L*, a*, b*, hue angle, or saturation index values for the longissimus thoracis, psoas major, inside or outside semimembranosus, or ground beef. However, treatment (Table 2 ) and time (Table 3 ) main effects were different. The longissimus thoracis steaks from MPSC+E-infused cattle were lighter (higher L* values, P < 0.05) than those from control and MPSC+C-infused cattle. The outside semimembranosus from MPSC+E-infused cattle had higher L* values (P < 0.05) than those from all other treatments. The a* values indicated that ground beef from the MPSC+C+E-and MPSC+E-infused cattle was more red (P < 0.05) than that from MPSC+C-infused and control cattle. The psoas major b* values indicated that steaks from MPSC+C+E-and MPSC+E-infused cattle were more yellow (P < 0.05) than those from control cattle. The ground beef from MPSC+C-infused and control cattle had higher hue angle values (P < 0.05) than that from MPSC+C+E-and MPSC+E-infused cattle. Hue angle values are used to indicate the loss of redness relative to an increase in yellowness. Larger hue angle values indicate a color shift toward less red and more brown. The ground beef from MPSC+E-infused cattle had higher saturation index values (P < 0.05) than that from either MPSC+C-infused or control cattle, and ground beef from MPSC+C+E-infused cattle had higher saturation index values (P < 0.05) than that from MPSC+C-infused cattle. Higher saturatin index values indicate a more intense red color. As expected, color stability declined for all muscles and ground beef during simulated retail Display color score: 1 = very bright cherry red or pale red, 2 = bright cherry red or pale red, 3 = slightly dark red to tan or brown, 4 = moderately dark red to tan or brown, 5 = dark red to tan or brown (3.5 = margin of acceptability). Means within the same row with different superscript letters differ (P < 0.05).
display. Display color panel scores indicated that all steaks, with the exception of the longissimus thoracis, and ground beef color had deteriorated beyond consumer acceptability (score > 3.5) by the end of each respective display period. Okayama et al. (1987) indicated that steaks treated with a dip solution containing ascorbic acid and α-tocopherol had lower percentages of metmyoglobin than untreated, control steaks from display d 9 through 13. Mitsumoto et al. (1991b) found that ground beef treated with both α-tocopherol and sodium ascorbate had a lower percentage of metmyoglobin than untreated controls. The ground beef treated with α-tocopherol and that treated with sodium ascorbate also had lower percentages of metmyoglobin than the untreated controls. Shivas et al. (1984) also found that ascorbic acid-treated ground beef had higher CIE a* values and lower percentages of metmyoglobin than untreated controls on display d 3, 5, and 10. We did not observe the reduction in steak discoloration that Okayama et al. (1987) found. However, our steaks were only kept in display conditions for 5 d, whereas their steaks were displayed through 13 d. The percentage of metmyoglobin was lower only for display d 9 through 13 in the Okayama et al. (1987) study, and by this time our steaks were removed from display. If our steaks had remained in display for up to 13 d, less discoloration might have occurred on the MPSC+C+E and MPSC+E steaks. Also, contrary to Shivas et al. (1984) , we did not find higher a* values on any display day for ground beef from MPSC+C-or MPSC+C+E-infused cattle.
Visual Color Panel Evaluation
Initial color scores (Table 4) indicated that the longissimus thoracis from control cattle was darker red and less bleached (P < 0.05) than those from cattle given infusion treatments. The longissimus from MPSC+C-and MPSC+C+E-infused cattle were less bleached red (P < 0.05) than those from MPSC+E-infused cattle. Initial color scores for the outside semimembranosus indicated that steaks from MPSC+E-infused cattle were more bleached red (P < 0.05) than those from other infusion treatments and controls (Table 4). The longissimus thoracis muscles from MPSC+C+E-and MPSC+E-infused cattle were less uniform in color (P < 0.05) than those from either MPSC+C-infused cattle or control cattle, and those from MPSC+C-infused cattle were less uniform (P < 0.05) than those from control cattle. No uniformity score differences existed between treatments for any of the other muscles or ground beef (P > 0.05; Table 4 ).
Display-color panel results showed no time × treatment interaction (P > 0.05) for the longissimus thoracis, psoas major, outside or inside semimembranosus. However, time × treatment interaction differences did exist for ground beef (Table 5 ). No differences (P > 0.05) existed among treatments on d 0. However, the ground beef from MPSC+E-infused cattle was more cherry red (P < 0.05) than that from MPSC+C-infused cattle on d 1, but no other differences (P > 0.05) occurred among treatments. At display d 2 ground beef from MPSC+E-infused cattle was more cherry red (P < 0.05) than that from MPSC+C-infused and control cattle, but no difference existed between ground beef from MPSC+C+E-infused and control cattle. Color panel results for d 3 and 4 indicated that ground beef from MPSC+E-infused cattle was more red (P < 0.05) than that from control and MPSC+C-infused cattle. The ground beef from MPSC+C+E-infused cattle was not different (P > 0.05) from that from MPSC+E-and MPSC+C-infused cattle but was more red (P < 0.05) than that from control cattle. The MPSC+C+E and MPSC+E treatments were not statistically different from each other on any of the days. However, the MPSC+E treatment had slightly lower mean color panel scores during display. Therefore, vascular infusion of vitamin E potentially can be effective in reducing pigment oxidation in a ground meat system, even though it likely is not incorporated into lipid membranes within cells that results from feeding for a long time.
Implications
Vascular infusion with a solution of 98.52% water, 0.97% saccharides, 0.23% sodium chloride, and 0.28% phosphates plus 500 ppm vitamin C, 500 ppm vitamin E, or 500 ppm vitamin C plus 500 ppm vitamin E would not be expected to improve longissimus thoracis color at 24 h postmortem or color at 48 h postmortem for the longissimus thoracis, psoas major, or semimembranosus muscles. In addition, infusion would have little effect on display-color stability of these steaks. However, the infusion solution containing vitamin E could improve ground beef retail display-color stability.
